Abstract-A novel time transformation method is presented and applied to study the propagation of optical pulses through dynamic linear and nonlinear media whose refractive indices change with time.
I. INTRODUCTION
The interaction of light with time-dependent photonic structures has been a active research topic. Light can be manipulated with surprisingly large freedom in such dynamic media. Many interesting phenomena, such as frequency shift [1] , time reversal [2] , and stopping [3] of light have been demonstrated. Most of theoretical investigations solve Maxwell's equations directly using the finite-differencetime-domain (FDTD) method. Such an approach is time consuming and lacks the physical insights it can provide. With the growing efforts devoted to this research topic, a simple model that describes the interaction of light with dynamic media is needed. This paper presents a time transformation method for this purpose.
II. TIME TRANSFORMATION METHOD
The basic idea behind the time transformation method can be understood from Fig. 1 . The input pulse is divided into a large number of temporal slices and a specific input electric field slice E in (t ′ ) of width dt ′ is transformed into a corresponding output slice E out (t) of width dt after the pulse has propagated through the medium. One can think of these changes as a simple consequence of a transformation of the temporal coordinate from t ′ to t.
Time Transformation Two simple rules apply here. First of all, the temporal locations for the input and output slice is related by the time transformation:
where the delay time T d can be determined through
As an example, Fig. 2 shows three types of dielectric media that are referred to as a static linear, a dynamic linear, and a nonlinear Kerr medium. Secondly, the "slice area" E(t)dt is conserved during this mapping process:
Once the refractive index profile of a medium n(t) is known, the output electric field can be obtained by using Eqs. (1) (2) (3) . Note that the impact of reflection is ignored here for simplicity, we refer to [4] for the discussion of this issue. Chromatic dispersion can be included using [5] :
where
and the J is the Jacobian of this time transformation. h, the impulse response function contains all the medium's dispersion information. The numerical implementation of the time transformation method is quite similar to the split-step Fourier method used to solving nonlinear Schrödinger equation [6] .
III. APPLICATION TO DYNAMIC LINEAR MEDIA
For a dynamic linear medium whose refractive index changes from n 1 to n 2 , we can obtain the timetransformation relation [7] :
where s = n 1 /n 2 and T d0 is an effective transit time. Such a linear time transformation is plotted using a red-dashed curve in Fig. 2 for s = 1.25. Following Eq. (5), one can have an analytical expression for the output electric field: Figure 3 shows the temporal and spectral changes to an optical pulse after it has propagated through a dynamic linear medium with different values of s. Depending on the value of s, blue-or red-shift of the spectrum, increase or decrease of the field amplitude, as well as temporal and spectral broadening or compression can happen. Figure 3 . Spectral and temporal changes as an optical pulse propagates through a dynamic linear medium.
By appropriate modifying the time transformation in Eq. (1), this method can also be applied to dynamic optical resonators [8] .
IV. APPLICATION TO NONLINEAR MEDIA
A nonlinear medium is also dynamic for an optical pulse because its refractive index changes with time. For a medium with third order nonlinearity, its refractive index can be related to light intensity I as:
where n 2 is the Kerr coefficient, and R is the nonlinear response function, which has a Kerr and a Raman part. The time transformation relation for such a nonlinear medium is [10] :
Because both T Kerr and T Raman are nonlinear functions of t ′ , such a time transformation becomes nonlinear, as shown by the purple-solid curve in Fig. 2 for a Kerr medium [9] . As an example, Fig. 4 shows the evolutions of temporal and spectral intensities of a third order soliton over three dispersion lengths. The Raman-induced frequency shift, soliton fission, and Cherenkov radiation are correctly predicted.
By replacing light intensity I with E 2 in Eq. (7), the time transformation method can be applied to study harmonic generation in Kerr medium as well [11] . 
V. DISCUSSIONS AND CONCLUSION
We present a novel time transformation method for propagation of optical pulses through dynamic media. This method works directly with the electric field without using the slowly varying envelope approximation, and is more general than the envelope-based method. Also, it is numerically much faster than the FDTD method. It should be useful in the fields of ultrafast nonlinear optics.
